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Abstract The stability of Amazonian vegetation is strongly influenced by land–atmosphere feedbacks. It
has been hypothesized that deforestation‐induced precipitation decline may lead to widespread forest decline
across the entire basin. Using a moisture‐tracking model, we quantify how deforestation across South America
alters downwind rainfall and affects forest stability. We find widespread forest collapse will not result from
deforestation‐induced precipitation changes alone. However, we identify key hotspots of vulnerability,
including forests in southwestern Amazonia which could transition to non‐forest ecosystems in response to
upwind deforestation (affecting 81% of the Rondônia state). Western Amazonia and the eastern Amazonia‐
Cerrado transition zone emerge as key conservation hotspots, where forest loss produces the strongest
downwind impacts on vegetation stability. Conversely, restoration in northeast Amazonia could enhance
regional rainfall and improve ecosystem stability. Overall, our findings underscore the importance of preserving
Amazonia's continental‐scale moisture connectivity to safeguard both local ecosystem and broader
hydroclimatic stability.

Plain Language Summary Rainfall in the Amazon is strongly influenced by the forest itself. Trees
release water into the atmosphere through evapotranspiration, which helps generate rain both locally and in
regions downwind. Because of this feedback, there is concern that deforestation could reduce rainfall enough to
push parts of the Amazon toward a drier, savanna‐like ecosystem. Using a model that tracks how moisture
moves through the atmosphere, we examined how deforestation across South America affects rainfall and forest
stability. Our results show that deforestation‐driven rainfall reductions alone are unlikely to cause a complete
collapse of the Amazon forest. However, some regions‐especially southwestern Amazônia and the border
between the Amazon and Cerrado (known as MATOPIBA)‐are highly vulnerable because they depend heavily
on moisture from upwind forests. Conversely, reforestation in eastern Pará could help increase rainfall and
support forest recovery. These results highlight where conservation and restoration actions would be most
effective in maintaining rainfall and forest resilience across the Amazon.

1. Introduction
Amazonia plays a vital role in the Earth system by contributing over 20% of global freshwater discharge to the
oceans, storing around 100 billion tons of carbon in its above‐ground biomass, and is home to more than 40
million people (Flores et al., 2024; Malhi et al., 2008). A defining characteristic of this system is the especially
strong coupling between forest cover and rainfall: approximately one‐third of the region's precipitation is recycled
through the forest's own evapotranspiration (ET), creating a self‐sustaining hydrological feedback loop (J. C. A.
Baker & Spracklen, 2022; Staal et al., 2018; van der Ent et al., 2014). Forest‐atmosphere interactions are
particularly important in western Amazonia, where recycled moisture contributes over 50% of total precipitation
near the Andes (Zemp et al., 2014). The interdependence of forests and rainfall means that disturbances such as
deforestation, forest degradation, or climate change, can trigger cascading effects on the Amazonian hydrological
cycle. In general, reduced forest cover lowers ET, leading to a decline in rainfall downwind, which in turn may
trigger further reductions in forest cover (Staal et al., 2020). This feedback is central to why Amazonia is
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considered a tipping element of the Earth system (Lenton et al., 2008; Nobre et al., 2016). Accordingly, exceeding
a critical level of forest loss could decrease precipitation sufficiently for the remaining forests to transition rapidly
and irreversibly to alternative lower biomass and degraded ecosystems (Flores et al., 2024).

Understanding how water vapor is recycled and moves across Amazonia is key to evaluating the hydrological
impacts of forest loss. Atmospheric moisture enters Amazonia from the tropical Atlantic via easterly trade winds
and is channeled further inland into the South American Low‐Level Jet (SALLJ), which in turn transports large
volumes of water vapor toward central and southern South America (Arraut et al., 2012; Jones et al., 2023;
Marengo et al., 2004). This flow is modulated by the South American Monsoon System, producing marked
seasonal variability (De Carvalho & Cavalcanti, 2016; Vera et al., 2006). Southwestern Amazonia serves as a key
moisture source to the La Plata basin via the SALLJ, supplying atmospheric water to agriculturally important
regions beyond the basin (Staal et al., 2018). The interactions between atmospheric circulation, vegetation, and
topography generate strong spatial gradients in rainfall across the basin. Western Amazonia, where moist air
masses are uplifted by the Andes, receives some of the highest precipitation rates in the basin, while southern
Amazonia, adjacent to the Cerrado savanna, is drier and rainfall is more seasonal (Costa et al., 2021).

Forests play a critical role buffering the impacts of seasonal rainfall in Amazonia (Mu et al., 2021). During the dry
season, forest vegetation continues to transport water from the soil into atmosphere through deep‐root access to
groundwater, enabling photosynthesis when rainfall is limited. Reduced cloud cover during this period further
enhances solar radiation reaching the surface, boosting dry‐season ET and productivity (da Rocha et al., 2009; von
Randow et al., 2004). These processes are disrupted by deforestation, which has already affected around 20% of
the biome with the largest forest losses along the southern and eastern margins of Amazonia, in the “Arc of
Deforestation” (Alencar et al., 2020). While small‐scale clearings may locally enhance convection (Garcia‐
Carreras & Parker, 2011; Khanna et al., 2017; Lawrence & Vandecar, 2015) large‐scale forest loss significantly
reduces ET, leading to rainfall decline both locally and in downwind areas (Smith et al., 2023; D. V. Spracklen
et al., 2018). Recent modeling studies estimate that complete Amazonia deforestation could lead to a basin‐wide
reduction in annual precipitation of − 12 ± 11% (D. V. Spracklen et al., 2018), potentially pushing some eco-
systems beyond their hydrological stability thresholds. Furthermore, some potential vegetation models suggest
that deforestation above approximately 40% could threaten the ecosystem stability of remaining forests (Nobre
et al., 1991, p. 91; Pires & Costa, 2013; Sampaio et al., 2007). However, substantial uncertainty remains in these
projections due to differences in model structure and in the representation of key processes, such as
land–atmosphere interactions and detailed representation of regional wind properties that define atmospheric
moisture transport. Furthermore, some studies suggest that deforestation alone may not be sufficient to trigger
such critical transitions (Lejeune et al., 2015).

Tropical vegetation structure is influenced by various environmental factors including topography, soil proper-
ties, and groundwater availability (Bueno et al., 2018; Mattos et al., 2023), although precipitation remains a
dominant control (Hirota et al., 2011; Malhi et al., 2009; Staver et al., 2011). Forests, characterized by high tree
cover, tend to prevail in regions with high rainfall, whereas savanna‐like vegetation with sparse tree cover
dominate drier and more seasonal areas. In zones of intermediate precipitation, both forest and savanna‐like
vegetation can coexist, forming bistable systems. For such systems disturbances, such as fire, drought, or
land‐use change, can cause vegetation to switch from a forested to a non‐forested and degraded state, with limited
potential for recovery (Hirota et al., 2011; Zemp et al., 2017). The presence of alternative stable states has been
shown to be linked to multiple precipitation indicators in Amazonia, including mean annual precipitation (MAP),
dry season length (DSL), and maximum cumulative water deficit (MCWD), which quantifies seasonal water
stress (Flores et al., 2024). This framework can be used to assess how changes in rainfall impact forest stability.
Furthermore, given the spatial heterogeneity of climate and vegetation across Amazonia, the hydrological con-
sequences of forest loss depend not only on the extent of deforestation but also on where it occurs within the basin
(Zemp et al., 2017).

In this study, we assess the extent and locations of where deforestation alters the stability of Amazonia's
remaining forests by reducing recycled rainfall and pushing downwind ecosystems towards and beyond critical
hydrological thresholds. We specifically ask the question of which parts of Amazonia are at risk solely from
deforestation‐induced precipitation reductions. We employ an atmosphere moisture tracking approach to quantify
precipitation anomalies under an extreme vegetation loss scenario and evaluate whether these changes exceed the
stability limits defined by the stable states' framework (Table 1). We identify regions most vulnerable to

Writing – original draft: Luís
Gustavo Cattelan, Jessica C. A. Baker,
Jefferson Gonçalves De Souza,
Chris Huntingford, Emanuel Gloor
Writing – review & editing: Luís
Gustavo Cattelan, Marina Hirota, Jessica
C. A. Baker, Jefferson Gonçalves De
Souza, Ana Paula Dutra Aguiar,
Tainá Oliveira Assis, Chris Huntingford,
Eddy Robertson, Stephen Sitch,
Emanuel Gloor

Geophysical Research Letters 10.1029/2026GL122705

CATTELAN ET AL. 2 of 14

 19448007, 2026, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026G

L
122705 by U

K
 C

entre For E
cology &

 H
ydrology, W

iley O
nline L

ibrary on [15/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



transition, as well as areas where forest conservation or restoration would most effectively enhance downwind
ecological stability. By linking vegetation–atmosphere interactions to spatial patterns of climate and land use, our
findings offer actionable insights to inform policies aimed at maintaining biodiversity, carbon stocks, water
security, and food security through agricultural activities across South America.

2. Methods
2.1. Water Vapor Tracking Model

To investigate the pathways of atmospheric moisture from its origin in evapotranspiration (ET) to its eventual
precipitation, we used the Eulerian moisture tracking model WAM‐2layers (Kalverla et al., 2024; van der Ent
et al., 2010). This model represents the atmosphere as two vertically integrated layers under the assumption of
well‐mixed conditions. These simplifications allow WAM‐2layers to capture essential large‐scale moisture
transport processes while remaining computationally efficient for high‐resolution continental‐scale simulations
(Kalverla et al., 2024).

For this study, we used version 3 of the WAM‐2layers model, which is publicly available on GitHub (Kalverla
et al., 2024). The model was driven by meteorological inputs from the ERA5 reanalysis data set (Hersbach
et al., 2020) covering the period 2011 to 2020. ERA5 provides hourly data at a spatial resolution of 0.25◦ × 0.25◦,
including 22 atmospheric pressure levels and surface variables.

We configured the model over South America by dividing the continent into 1,424 grid cells at 1◦ × 1◦ resolution,
spanning from the equator to 40◦S. For each grid cell and each month, we performed tagged ET simulations, in
which all ET from a given cell was tracked through the atmosphere until it precipitated. This produced spatially
explicit maps of the downwind destination of moisture from each source region.

To quantify the sensitivity of downwind precipitation to changes in upwind ET, we calculated for each source grid
cell the ratio of the total precipitation in downwind sink areas to the average monthly ET in the source grid cell
(example in Figure S1 in Supporting Information S1). We then constructed a monthly climatology of these
sensitivity matrices over the 2011–2020 period. In the subsequent analysis, the climatological monthly sensitivity
is multiplied by the corresponding ET anomaly derived from each LUCC scenario to estimate the resulting change
in precipitation.

2.2. Land Use Change Scenarios

To represent present‐day vegetation cover across tropical South America, we used the MapBiomas land cover
data sets for the year 2020, which provides 30 m spatial resolution (Alencar et al., 2020). We aggregated all native
vegetation classes and calculated, for each 0.25◦ ERA5 grid cell, the fraction of area covered by natural
vegetation.

To ensure complete spatial coverage, including regions east of the Amazonia that influence rainfall via easterly
moisture transport, we combined two MapBiomas products: the Pan‐Amazonia collection, which covers the
Amazonia across nine countries (https://amazonia.mapbiomas.org/), and the Brazil collection, which covers the
full national territory (https://brasil.mapbiomas.org/; Figure S2 in Supporting Information S1).

We defined two land cover scenarios for analysis. In the deforestation scenario (MapBiomas‐all‐def), all
remaining native vegetation within each grid cell is assumed to be cleared. In the restoration scenario (Map-
Biomas‐all‐aff), all non‐natural land cover is assumed to regenerate into native vegetation.

Table 1
Threshold Values for Mean Annual Precipitation (MAP), Dry Season Length (DSL), and Maximum Cumulative Water Deficit
(MCWD), Based on Flores et al. (2024)

Stability indicator Savanna‐like threshold Forest threshold Unit

MAP 1,000 1,800 mm yr− 1

DSL 8 5 Months

MCWD − 450 − 350 mm (water deficit)

Geophysical Research Letters 10.1029/2026GL122705
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To represent a more realistic deforestation scenario, we also used spatially explicit land‐use and land‐cover
change projections from the LUCCME NEXUS data set for Brazil (available at https://zenodo.org/records/
16953581). These scenarios were developed using the LuccMEmodeling framework (Aguiar et al., 2016), which
integrates socio‐economic and biophysical drivers to simulate land‐use dynamics. We focused on changes in
natural vegetation cover, defined as the sum of forest vegetation and savanna and grassland vegetation, between
2020 and 2050. Among the available scenarios, we selected the Historical Trend (TE) scenario, which assumes
the continuation of historical deforestation trends and represents the most aggressive deforestation trajectory (von
Randow et al., 2024).

2.3. Evapotranspiration Anomaly

To estimate precipitation changes resulting from land‐use transitions, we first generated a map of ET anomalies.
Field studies across South America have consistently shown that forests exhibit ET rates approximately 30%
higher than those of pasture or croplands during the wet season, and around 50% higher during the dry season
(J. C. A. Baker et al., 2021; da Rocha et al., 2009; Nóbrega et al., 2017; Silvério et al., 2015; von Randow
et al., 2004). This difference arises from structural and physiological traits of forests—such as higher leaf area
index (LAI), deeper rooting systems, and more efficient access to subsurface water—that enable sustained
photosynthesis and transpiration, even during the dry season.

For our main scenario, we identified the dry season individually for each grid cell as the three consecutive months
with the lowest precipitation, based on climatological means. During this dry season, the evapotranspiration
reduction (rlucc) was set to 0.5 to represent stronger contrasts between forested and deforested areas. For the
remaining 9 months, corresponding to the wetter part of the year, rlucc was set to 0.3. Additionally, we conducted
sensitivity experiments using two alternative scenarios in which rlucc was uniformly set to 50% and 70%
throughout the entire year, regardless of season, to test the robustness of our results to different assumptions about
ET change (Table S1 in Supporting Information S1).

To represent spatial differences in ET reductions due to land‐use change, we applied the following relationship:

ΔET = ΔLucc × rlucc × ET

Where ΔLUCC is the fractional change in natural vegetation cover (from 0 to 1), ET is the baseline evapo-
transpiration. rlucc is the fractional reduction in ET from deforested areas relative to natural vegetation. The result,
ΔET, represents the anomaly in ET due to land‐use change in millimeters per month.

We assume that changes in ET influence downwind precipitation in a linear manner. For each 1◦ × 1◦ grid cell, we
compute the monthly ET change and multiply it by the corresponding monthly climatology sensitivity matrix
derived from WAM‐2layers. This yields an estimate of the precipitation change resulting from land‐use transi-
tions of each grid cell. By summing the contributions from all grid cells, we obtain the total precipitation anomaly
induced by land‐use change across the domain.

2.4. Thresholds and Transitions

To assess the stability of Amazonia under current and altered climate conditions, we used recent published
threshold (Flores et al., 2024) (Table 1): for three key hydroclimatic indicators: mean annual precipitation (MAP),
maximum cumulative water deficit (MCWD), and dry season length (DSL). These thresholds are used here to
characterize potential vegetation stability, that is, the climatic suitability for maintaining forest versus low tree‐
cover states, rather than the actual vegetation currently present in each pixel. In this framework, we do not account
for potential non‐climatic limitations to forest re‐establishment following complete deforestation and instead
focus solely on precipitation‐driven constraints.

The indicators are derived frommonthly climatological precipitation. DSL is defined as months with precipitation
less than 100 mm/month. MCWD is defined as the most negative monthly cumulative water balance (precipi-
tation minus evapotranspiration) within a year. We use a fixed ET value of 100 mm month− 1 to maintain con-
sistency with the threshold definitions adopted in the original threshold study (Flores et al., 2024). Using spatially
varying ET would require recalculating the thresholds themselves to ensure methodological consistency.

Geophysical Research Letters 10.1029/2026GL122705
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Each indicator is associated with two thresholds (Table 1): a lower threshold below which vegetation is classified
as savanna‐like (low tree cover), and an upper threshold above which forest (high tree cover) is the stable state.
Values between the two thresholds correspond to a bistable zone, where both forest and savanna‐like can be stable
depending on local disturbances and feedbacks. Importantly, these stability classes describe the climatic suit-
ability for vegetation states rather than the actual land cover currently observed at each location.

The spatial extent of Amazonia was defined using the boundaries provided by the Red Amazónica de Información
Socioambiental Georreferenciada (RAISG, https://www.raisg.org/en/maps/), encompassing approximately 7
million km2 across nine countries. Additional data sets were used to estimate ET and precipitation anomalies,
which were computed by applying theWAM‐2layers sensitivity matrices to ET changes (check previous section).
Precipitation data were taken from CHIRPS 2.0 (Funk et al., 2015b), consistent with the data set used by Flores
et al. (2024) to derive the stability thresholds. Evapotranspiration data were sourced from ERA5, with additional
runs using GLEAM v3.8 (Martens et al., 2017) and FLDAS (McNally et al., 2017) data sets (Table S1 in Sup-
porting Information S1). All data correspond to the 2011–2020 period, matching the WAM‐2layers simulation
timeframe.

We then incorporated precipitation anomalies induced by land‐use change and reassessed vegetation stability
under these altered conditions. This approach allowed us to map transitions in stability classes across the region.
This analysis reflects an immediate post‐deforestation state and does not account for subsequent forest regrowth.
Accordingly, our framework does not simulate the potential recovery of ET and associated precipitation that
could occur through secondary forest development in areas where the climate remains suitable for forest
persistence.

2.5. Threat

To generate a continuous stability metric, we first calculated the safety margin for each pixel, defined as the
minimum reduction in precipitation required for a transition to occur. Pixels already classified as savanna‐like do
not have a defined safety margin, as they are below the lower threshold. Conceptually, the safety margin is closely
related to precariousness in the resilience framework of (B. Walker et al., 2004) as it quantifies how close the
system currently is to a critical transition. It is also analogous to vulnerability in the IPCC risk framework
(Reisinger et al., 2020). Next, we defined a threat metric as the precipitation anomaly induced by deforestation
divided by the safety margin. Values above one indicate that the land‐use change is sufficient to push the pixel
across a stability threshold.

To identify conservation hotspots, we assessed the threat induced by the deforestation of each individual WAM‐
2layers grid cell. Each cell was assigned a value corresponding to the cumulative threat it caused downwind.
These values were log‐normalized to improve visualization. For the restoration scenario, we applied the same
method but with inverted precipitation anomalies. In this case, threat values are negative, indicating an increase in
forest stability by moving further away from transition thresholds.

3. Results
3.1. Patterns of Stability Changes

Using a complete deforestation scenario of all remaining natural vegetation, we first estimate changes in ET and
then model the resulting impacts on precipitation (see Methods; Figures S3 and S4 in Supporting Information S1).
Our simulations indicate that although a widespread collapse of the Amazonian forests due to reduced rainfall
recycling alone is unlikely, significant localized reductions in vegetation stability emerge, particularly along the
Arc of Deforestation (Figure 1). While most forested areas remain stable under this scenario—77.9% of Ama-
zonia for MAP, 67.04% for DSL, and 90.9% for MCWD—a substantial fraction transitions to a bistable regime:
10.3% for MAP, 6.3% for DSL, and 2.6% for MCWD (Table S2 in Supporting Information S1).

The spatial patterns of these transitions vary across indicators. MAP‐related transitions are concentrated in the
southwestern Amazonia, particularly around the state of Rondônia (Figure 1a, Figure S2b in Supporting Infor-
mation S1). DSL‐based transitions occur farther north and east, with notable changes in the eastern Amazonia,
especially in Pará (Figure 1b). MCWD‐related transitions are located further south relative to the MAP transitions
and tend to be less extensive (Figure 1c). All three metrics indicate widespread transitions in Bolivian Amazonia,
where 64.12% of pixels experience at least one transition (Figure S5 in Supporting Information S1), while
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Rondônia exhibits the highest proportion, with 80.96% of pixels undergoing a transition. Although most changes
are detected by a single metric, approximately 3% of forested pixels exhibit overlapping transitions in two or more
variables, highlighting areas of compounded vulnerability (Figure 1d, Table S3 in Supporting Information S1).
Conversely, around 52% of the original forest class remains classified as stable across all three metrics, under-
scoring the persistence of stable forest ecosystems across large parts of the biome.

To move beyond binary classifications of stability, we introduce two complementary metrics: safety margin and
threat (Methods; Figure 2; Figure S6 in Supporting Information S1). The safety margin quantifies the climatic
distance to the nearest transition threshold, while the threat metric expresses the size of the precipitation anomaly
caused by deforestation relative to that margin. For instance, while the largest precipitation anomalies are found in
the wetter western Amazonia (Figures 2b, 2e, and 2g), these areas do not necessarily correspond to the highest
threat levels (Figures 2c, 2f, and 2h), owing to their relatively large safety margins. For MCWD, safety margins
are smallest in southeastern Amazonia (often below − 50 mm, Figure 2g), yet threat levels remain low because
anomalies are relatively small in this area (Figure 2i). In contrast, the highest MCWD‐based threat values are
concentrated along the Brazil–Bolivia border, where high precipitation anomalies coincide with narrow safety
margins, resulting in amplified vulnerability.

Importantly, the Threat metric identifies regions that are approaching—but have not exceeded—critical stability
thresholds. For instance, under the MAP indicator, extensive areas north of the Arc of Deforestation display threat
values around 0.5 (Figure 2c). Although these regions may still be classified as stable in binary transition maps
(Figure 1), the elevated threat levels signal proximity to a critical threshold. To assess the robustness of our
findings that precipitation changes related to deforestation alone do not cause large‐scale transitions, we explored
a suite of additional scenarios incorporating more realistic land‐use patterns, alternative ET data sets, and varying
assumptions about the magnitude of ET reductions following deforestation (Table S1 in Supporting Informa-
tion S1). Overall, while the intensity of hydrological changes varied across scenarios, the spatial patterns of
vulnerability remained consistent (Figure S7 in Supporting Information S1). For instance, under a more extreme
assumption of a 70% reduction in ET year‐round following deforestation, 26% of forested pixels crossed tipping
thresholds for MAP, with a basin‐wide average precipitation decline of − 18.4%. Conversely, restoration sce-
narios produced modest but spatially coherent increases in precipitation and stability. This asymmetry is ex-
pected, as approximately 80% of Amazônia remains forested. These results highlight that although the magnitude
of precipitation change is sensitive to deforestation extent and biophysical assumptions, the locations of the most
vulnerable areas remain largely unchanged.

3.2. Forest Conservation and Restoration Hotspots

To identify forests whose deforestation exerts the greatest downwind drying effects, we calculated the cumulative
threat generated by each grid cell based on its influence on other forested regions. This approach highlights two
prominent source regions of precipitation‐mediated threat across all three indicators (Figures 3a–3c). The first

Figure 1. Stability class transitions under extreme deforestation. Vegetation cover stability class changes based on Flores et al. (2024) in response to an extreme
deforestation scenario, shown for different precipitation indicators. (a) Mean annual precipitation (MAP). (b) Dry season length (DSL). (c) Maximum cumulative water
deficit (MCWD). (d) Combined indicators showing areas transitioning from forest to bistable conditions. Note that the stability classes represent the climate suitability
for vegetation cover, not the current vegetation observed in each pixel. Black lines delineate the Amazonia boundary.
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cluster is in western Amazonia, along the Brazil–Peru border. The second is in the eastern Amazonia, near the
ecotonal region between the Amazonia, Cerrado, and Caatinga biomes. Specifically, the MATOPIBA region, that
covers the states of Maranhão, Tocantins, Piauí, and Bahia. From the threat values attributed to grid cells within
these clusters (Figure S8 in Supporting Information S1), distinct downwind patterns become evident. The
MATOPIBA cluster contributes disproportionately to threat levels in westward areas, strongly impacting large
portions of the Arc of Deforestation. In contrast, the western cluster primarily affects regions to its southeast,
following prevailing moisture transport pathways associated with the SALLJ. Notably, parts of Rondônia and
northern Bolivia are highly affected by both clusters, underscoring their compounded vulnerability to remote
deforestation impacts.

We extended our analysis to assess the potential benefits of large‐scale restoration by simulating an extreme
restoration scenario in which all previously deforested areas are converted back to natural vegetation. While the
proportion of pixels shifting from bistable to stable forest conditions is relatively small (approximately − 2% of the
region; Table S1 in Supporting Information S1), the increase in safety margins is substantial in several areas. In
particular, large parts of Mato Grosso and Rondônia exhibit marked reductions in Threat values (below − 0.5;
Figure S9 in Supporting Information S1), indicating a meaningful movement away from ecological thresholds.
This reveals not only a general enhancement in forest resilience but also identifies regions where forest recovery
could deliver significant downwind benefits. In particular, eastern Amazonia emerges again as a restoration
hotspot (Figures 3d–3f), though slightly shifted westward from the conservation‐critical MATOPIBA region. Key
areas include the border between the states of Pará and Tocantins in Brazil, where restoration could play a critical
role in stabilizing downwind forests.

Figure 2. Threat indicators of forest stability under an extreme deforestation scenario. Threat analysis based on the three precipitation indicators of forest stability. (a, d,
g) Maps of safety margins, the “distance” of each grid cell from its respective stability threshold. (b, e, h) Projected changes in each indicator due to the deforestation
scenario. (c, f, i) Threat metric, calculated as the ratio between anomaly and safety margin. Values greater than 1 indicate a potential transition. Black lines delineate the
Amazonia boundary.
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4. Discussion
Our results indicate that, even under an ET scenario equivalent to a complete deforestation, a widespread, basin‐
wide forest collapse driven solely by deforestation‐driven precipitation reductions is unlikely. Across much of the
region, post‐deforestation climatic conditions remain within the thresholds associated with stable forest states.
However, our spatially explicit analysis reveals distinct regional patterns of vulnerability. Although the largest
projected rainfall anomalies occur in the wetter western Amazonia, the substantial climatological buffers in these
areas for example, high annual precipitation and shorter dry seasons, allow them to retain relative stability. In
contrast, regions such as eastern Amazonia are comparatively drier but less dependent on terrestrial moisture
recycling. The Arc of Deforestation region stands out as a region where most of the transitions could occur, and
this region has already experienced increasing climatic stress in recent decades, with trends closely linked to
ongoing forest loss (Butt et al., 2023; Debortoli et al., 2017; Leite‐Filho et al., 2019). Critically, parts of
southeastern Amazonia are already showing signs of ecological disruption, with evidence that the region has
transitioned from a net carbon sink to a carbon source in recent years (Gatti et al., 2021).

Within this Arc, southwestern Amazonia stands out as a hotspot of compounded vulnerability, particularly parts
of Rondônia and northern Bolivia. These regions lie close to forest–savanna climatic thresholds and depend
heavily on moisture recycling from upwind forested areas, with up to 50% of annual precipitation originating from
within‐basin evapotranspiration (Zemp et al., 2014). This reliance becomes even more critical during drought
years, when oceanic and non‐forest moisture sources weaken while recycled moisture from mature forests re-
mains relatively stable, buffering rainfall deficits (Mu et al., 2021). As a result, deforestation in upwind regions
can trigger cascading effects, exacerbating water stress in these already fragile areas. Importantly, southwestern
forests are not only recipients but also key sources in the continental moisture recycling network, exporting at-
mospheric moisture to southeastern South America (Staal et al., 2018). Notably, Bolivia experienced severe forest
fires in 2024, further highlighting the region's vulnerability to compounding disturbances (Bourgoin et al., 2025).

Figure 3. Conservation and Restoration hotspots. (a–c) Spatial distribution of the cumulative Threat generated by the deforestation of each individual grid cell, shown for
each precipitation indicator (MAP, DSL, MCWD). (d–f) Spatial distribution of the reduction in Threat resulting from the restoration of each grid cell. Brighter colors in
(a–c) indicate areas where deforestation produces stronger negative impacts on downwind forest stability, while darker colors in (d–f) indicate areas where restoration
leads to greater improvements in downwind forest stability.
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Despite substantial regional variability, we estimate a basin‐wide mean reduction of 203 mm yr− 1 in MAP under
complete deforestation, equivalent to a 9.3% decline relative to baseline climatology. In our most extreme
sensitivity scenario, assuming a 70% decrease in ET, rainfall declines reach 19.6%, with approximately 27% of the
basin shifting stability class. These values fall within the range of published estimates, including the 12 ± 11%
mean reduction reported by D. V. Spracklen and Garcia‐Carreras (2015). However, both earlier and more recent
studies highlight substantial uncertainty in the magnitude and spatial pattern of precipitation responses, reflecting
differences in ET changes, moisture convergence, and circulation adjustments (Alves et al., 2017; Eiras‐Barca
et al., 2020; Luo et al., 2022; Pires & Costa, 2013; Qin et al., 2025; Sampaio et al., 2007, 2021; Swann
et al., 2015; Yoon & Hohenegger, 2025). For instance, some studies identify eastern Amazonia, near the Atlantic,
as particularly sensitive to deforestation (Pires & Costa, 2013; Sampaio et al., 2007) whereas others simulate
limited changes—similar to our analysis—or even localized precipitation increases in that region Surface
roughness and energy partitioning changes can reorganize local and regional circulation, potentially amplifying or
compensating drying (Alves et al., 2017; Swann et al., 2015), and high‐resolution simulations suggest that cir-
culation adjustments may partially offset ET reductions (Yoon & Hohenegger, 2025). Conversely, observational
analyses indicate that precipitation may be more sensitive to forest loss than some climate models suggest (Cui
et al., 2026).

By fixing circulation and assuming a linear ET–precipitation relationship, we deliberately isolate the moisture‐
recycling component and avoid introducing additional model‐dependent dynamical uncertainties. To assess
how strongly nonlinear precipitation reduction in response to air vapor content reduction (Baudena et al., 2021)
would need to be to alter our conclusions, we conducted a scaling analysis using an “Amplification Factor”
(Figure S10 in Supporting Information S1), defined as the inverse of Threat. This metric quantifies how much the
diagnosed precipitation anomaly would need to be multiplied for a pixel to transition to a drier potential vege-
tation class. The median amplification factor required for forest‐to‐bistable transitions is approximately 3 (90th
percentile ∼10), and for bistable‐to‐savanna transitions the 90th percentile reaches ∼15. In precipitation terms,
shifting roughly half of the basin into a drier stability class would require MAP reductions on the order of ∼30%,
substantially larger than those simulated in most coupled deforestation experiments. Nonetheless, fully coupled,
high‐resolution Earth system models with improved representation of vegetation and convection process remain
essential to better constrain these interacting land–atmosphere feedbacks.

Persistent reductions in rainfall can alter both the functional dynamics and compositional structure of forest
ecosystems, even if they do not immediately trigger a shift to a non‐forest or low biomass state (Esquivel‐
Muelbert et al., 2019; Sanchez‐Martinez et al., 2025). Chronic hydrological stress reduces soil moisture avail-
ability, elevates fire risk, and suppresses biomass productivity (Aragão et al., 2018; Brando et al., 2014). These
impacts, while often subtle and cumulative, can erode essential ecosystem functions such as carbon storage,
biodiversity support, and hydrological regulation, leading to a progressive loss of forest functionality over time
(Lapola et al., 2023), even with the forest adjusting itself. Furthermore, even if precipitation levels remain
theoretically sufficient to sustain forest cover, the resulting regrowth following full deforestation would likely be
functionally and compositionally distinct from existing forests—substantially less diverse in both flora and fauna.

Another point of caution is that our analysis does not account for ecological heterogeneity in forest drought
resilience, which may influence vulnerability across the region (Wunderling et al., 2022). For example, forests in
northwestern Amazonia, which experience consistently wet conditions, may appear stable under current climate
thresholds but their limited exposure to historical drought may leave them more susceptible to abrupt mortality
under novel climate conditions (Tavares et al., 2023). In contrast, southeastern seasonal forests, have evolved
traits to cope with regular water deficits and may exhibit greater resilience despite being closer to climatic tipping
points (Ciemer et al., 2019).

While deforestation alone may not induce widespread collapse via a reduction in precipitation, it may act syn-
ergistically with climate change and forest degradation processes (forest fires, selective logging, edge‐effects,
fragmentation) to amplify forest vulnerability. Climate models consistently project reductions in precipitation
over large portions of the Amazonia under continued global warming, though uncertainty remains across model
ensembles (Malhi et al., 2009; Marengo et al., 2024). The combined pressures of land‐use change (and associated
carbon emissions) and a drying climate may thus lead to more extensive and abrupt ecological transitions than
would occur under either stressor in isolation (Nobre et al., 2016).
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We highlight two regions where deforestation produces the greatest downwind impacts on Amazonian forest
stability: western Amazonia near the Brazil–Peru border and the eastern Amazonia–Cerrado transition, especially
the MATOPIBA region. These areas emerge as critical conservation priorities, where protection efforts could
have the most significant effect on maintaining ecosystem resilience. The western Amazonia is a key moisture
source for southwestern Amazonia via the SALLJ and, due to its relatively mature forest cover and high pro-
portion of protected areas and Indigenous Territories (Figure 2a in Supporting Information S1, (W. S. Walker
et al., 2020)), currently helps buffer regional climate stress. In contrast, the MATOPIBA region has seen
accelerated deforestation and is experiencing some of Brazil's most intense recent climate stress (Marengo
et al., 2022; Silva et al., 2020). Although primarily within the Cerrado biome, MATOPIBA plays a key role in
supporting Amazonia rainfall through evapotranspiration that feeds westward moisture transport (Malhado
et al., 2010; Spera et al., 2016; D. Spracklen et al., 2012). Yet, the region remains insufficiently protected under
current land‐use policies, underscoring the need to extend conservation planning beyond the traditional Amazonia
boundary.

Shifting the perspective from risks to opportunities, our results also highlight areas where targeted restoration
could yield substantial downwind benefits by enhancing regional moisture recycling (J. Baker, 2021; Staal
et al., 2024). Eastern Pará state emerges as a strategic zone where restoration could increase downwind rainfall
and improve vegetation stability in vulnerable regions. Importantly, field studies show that evapotranspiration
and other hydrological functions can recover relatively quickly in secondary forests—within 7–15 years after
disturbance (J. C. A. Baker et al., 2025; Brando et al., 2019). This rapid recovery supports the feasibility of forest
restoration for climate adaptation, with the potential to enhance the hydrological cycle and increase the local
carrying capacity for forests. These findings also carry implications for climate policy, particularly in the context
of net‐zero targets (Allen et al., 2025). While direct carbon accumulation at restoration sites is typically accounted
for, additional carbon uptake in downwind forests—indirectly enhanced through increased rainfall—may also be
considered in broader carbon assessments.

Beyond ecological impacts, the hydrological changes induced by land‐use change have direct consequences for
agriculture and regional economies. In the Arc of Deforestation, less than 10% of croplands are irrigated
(Lathuillière et al., 2012; Spera et al., 2016), leaving rainfed agriculture highly exposed to even modest declines in
rainfall. Moreover, the impacts of Amazonian deforestation extend far beyond the region. Reductions in atmo-
spheric moisture transport can suppress precipitation across large parts of South America, including the La Plata
Basin, a major agricultural hub (Li et al., 2023; O’Connor et al., 2021). Conversely, enhanced rainfall in
downwind regions resulting from restoration could improve crop resilience, potentially easing concerns over land
competition between forest restoration and food production. These cascading effects underscore the Amazonia's
role as a continental‐scale hydrological engine, where local land‐use decisions influence rainfall and food security
across vast distances.

5. Conclusions
In conclusion, our analysis suggests that precipitation changes caused by deforestation alone via the forest‐rainfall
feedback are unlikely to trigger a large‐scale and systemic tipping point across Amazonia. While forest loss
disrupts moisture recycling and reduces regional rainfall, the resulting climatic conditions generally remain
within the bounds of the forest state. Basin‐wide stability transitions would require substantially larger precip-
itation declines, indicating that strong nonlinear amplification or major circulation adjustments would be
necessary to induce widespread tipping under large‐scale deforestation. Nonetheless, southwestern regions are
particularly vulnerable due to their proximity to rainfall thresholds and reliance on upwind moisture sources. Even
without a critical transition, these precipitation changes can gradually erode key ecosystem functions such as
carbon storage, biodiversity support, and hydrological regulation, especially under persistent water stress. When
combined with other stressors such as fire, degradation, and climate change, these impacts may accelerate forest
decline and lead to more widespread and abrupt ecological transitions.

We identify two spatial priorities for intervention: conservation hotspots like the western Amazonia and the
MATOPIBA region, where deforestation has strong downwind drying effects; and restoration hotspots in eastern
Pará, where restoration could enhance moisture recycling and climate resilience. Beyond forest health, rainfall
reductions pose broader socio‐economic risks—threatening rainfed agriculture, water availability, and energy
production across regions like the Arc of Deforestation and La Plata Basin. These findings underscore the need for
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integrated, transboundary land‐use planning that addresses both ecological transitions and human vulnerabilities,
recognizing Amazonia as a deeply interconnected socio‐ecological system.
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